The biological role of ExgA (Exg1), a secretory -1,3-exoglucanase of Aspergillus oryzae, and the expression pattern of the exgA (exg1) gene were analyzed. The exgA disruptant and the exgA-overexpressing mutant were constructed, and phenotypes of both mutants were compared. Higher mycelial growth rate and conidiation efficiency were observed for the exgA-overexpressing mutant than for the exgA disruptant when -1,3-glucan was supplied as sole carbon source. On the other hand, no difference in phenotype was observed between them in the presence or absence of the inhibitors of cell wall -glucan remodeling when grown with glucose. exgA Expression was induced in growth on solid surfaces such as filter membrane and onion inner skin. A combination of poor nutrition and mycelial attachment to a hydrophobic solid surface appears to be an inducing factor for exgA expression. These data suggest that ExgA plays a role in -glucan utilization, but is not much involved in cell wall -glucan remodeling.
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1) The enzymes are widely used in various biotechnological processes, including the production of beer and the synthesis of aromatic compounds from glucosidic precursors present in fruits and fermented products. 2, 3) In beer production, -1,3-glucanase is used to diminish the viscosity of boiled malt, allowing increases in filtration efficiency and velocity. In the synthesis of aromatic compounds, many natural flavor compounds, such as monoterpenols, C-13 norisoprenoids, and shikimate-derived compounds that are accumulated in fruits as flavorless precursors linked to monoor diglycosides, must suffer hydrolysis by -1,3-glucanase for the liberation of their fragrances. 4) In wine production, the aroma of wine was enhanced when Saccharomyces cerevisiae that overexpress -1,3-glucanase were used. 5 ) -1,3-Glucanase might also be applied to the improvement of the organoleptic properties of citrus fruit juices derived from a glucosidic compound, naringin (4',5,7-trihydroxyflavanone-7-rhamnoglucoside). 6) A. oryzae and A. sojae, so-called koji molds, have been used extensively in indigenous Japanese fermentation products such as sake (rice wine), shochu (spirits), shoyu (soy sauce), and miso (soybean paste), and have been tamed for more than 1,000 years. 7) In a previous study, A. oryzae was found to secrete two distinct -1,3-glucanases when grown in liquid culture.
6) The major fraction was 130 kDa, whose activity was highly inhibited by glucose. The minor fraction, designated Exg1 (ExgA, according to the gene nomenclature of Aspergillus), was 43 kDa tolerant to high concentrations of glucose, and hence it was hoped that it might be used in the food and agricultural industries.
6) The exgA gene of A. oryzae that encodes -1,3-glucanase was first cloned and sequenced in 2003 (Q7Z9L3 and AJ566365 in GenBank/EMBL/DDBJ by Riou et al.) . The ExgA protein exhibited maximal activity at 50 C and pH 5.0, and was most produced when A. oryzae was cultured in CD medium supplemented with flavonoids such as quercetin and rutin as carbon source. 6) exgA Orthologs exist widely in a variety of species, including plant-pathogenic fungi such as Magnaporthe grisea, Fusarium graminearum, and Cochliobolus carbonum, 8) yeasts such as Saccharomyces cerevisiae,
9)
Candida albicans, 10) and Paracoccidioides brasiliensis, 11) Aspergilli such as A. oryzae, A. flavus, A. nidulans, and A. fumigatus, and mushrooms such as Agaricus bisporus 12) and Lentinura edodes. 13) In the yeast Saccharomyces cerevisiae, the ExgA ortholog (Exg1p) is the major -1,3-glucanase. It is involved in cell wall -1,3-glucan assembly. 14) In the mushroom Lentinula edodes, the exgA orthologous gene (exg1) expresses specifically in the fruiting body. 13) No other findings as to the role of ExgA, however, have been reported to date.
In spite of the study regarding enzymatic properties in relation to the food and agricultural industries, mentioned above, little is known about the biological role of ExgA in A. oryzae. The ExgA properties of secretion and high glucose-tolerance suggest that ExgA might play an important role in cell wall -1,3-glucan remodeling, and that the ExgA ortholog of pathogenic fungi for plant and animal might be a novel target in antifungal compound development.
Targeted gene disruption in A. oryzae is extremely difficult and often unsuccessful due to non-homologous recombination of exogenous DNA introduced into the cell. Very recently, however, it was reported that disruption of the ku gene, which contributes to nonhomologous gene recombination, raised the relative efficiency of homologous recombination against nonhomologous recombination in Neurospora crassa. 15) This discovery has been applied successfully in enhancement of the homologous recombination efficiency of the industrial fungi, Aspergillus sojae and A. oryzae. 16) In this study, we applied a novel technique to functional analysis of the exgA gene of A. oryzae. Unique transcriptional regulation of this gene is also discussed.
Materials and Methods
Fungal strains and media. A. oryzae RIB40 and RIB40 Áku70 ÁpyrG mutant were used as the wild-type strain and the ku-disruptant respectively.
16) The RIB40 Áku70 ÁpyrG mutant was maintained by culture on 8% Malt Extract agar (BD, Franklin Lakes, NJ) with 20 mM uridine. YPD medium (1% yeast extract, 2% polypepton, 2% glucose) was used as a complete medium. Czapek-Dox (CD) medium (2% glucose, 0.3% NaNO 3 
incubator was placed on YPD or CD agar. A. oryzae conidiospores were inoculated on the filter and incubated at 30 C for 84 h with the inoculated side of the filter up. A. oryzae RIB40 culture on onion inner skin was performed as follows: 17, 18) Epidermal strips of the inner surface of onion bulb scale leaf were peeled off with cutter and forceps, and then placed on glucoseremoved, chloramphenicol-supplemented (30 mg/ml) CD soft agar with the hydrophobic surface up. A. oryzae conidiospores suspended in 2 ml of CD liquid medium were inoculated onto the surface of the onion skin and incubated at 30 C for 84 h.
Disruption of the exgA gene. The exgA gene disruption cassette was generated by the fusion PCR method. 19) The primers used in exgA gene disruption are listed in Table 1 . Figure 1A shows a schematic drawing of the gene disruption strategy by fusion PCR. Using pYRB9 as a template, 2.2 kb of the pyrG gene was amplified with primers PU and PL. Two DNA fragments, including the upstream and downstream parts of the 1.3 kb full-length exgA gene, were generated using primers LU/LL and RU/RL respectively. The underlined sequences of the primers designate the tails for the fusion to the adjacent DNA fragment during fusion PCR (Table 1) . Each fragment was amplified using the Expand High Fidelity PLUS PCR System (Roche Diagnostics, Mannheim, Germany). The three DNA fragments purified by extraction from agarose gel were mixed and fused by PCR with a pair of LU and RL primers using the Expand High Fidelity PCR System. The fusion PCR reaction was performed as follows: denaturation at 94 C for 2 min, followed by 35 cycles of 94 C for 30 s, 66 C for 30 s, and 68 C for 5 min 30 s, with a final extension at 68 C for 5 min. The resulting 5.1 kb fragment containing the mutated exgA, the middle part of 421 bp of which was replaced with pyrG, was further amplified with the same PCR system and program as the fusion PCR by the nested primer pair of NLU and NRL (Table 1) . Twenty micrograms of the amplified DNA fragment was used for transformation of A. oryzae. The exgA gene disruptant (Áku70 ÁpyrG exgA::pyrG) raised from the transformant by homologous recombination at the exgA allele with the exgAdisruption gene cassette was confirmed by Southern hybridization.
Construction of the exgA-overexpressing mutant. The exgA gene was amplified with exgA-EN and exgA-EC primers, followed by digestion with NdeI and SpeI ( Table 1 ). The exgA fragment was inserted at the NdeI and SpeI sites downstream of the amylase (amyA) promoter of the pAPTLP plasmid and sequenced. The pAPTLP plasmid is composed of the amyA promoter upstream of the multi-cloning site, the pyrG marker gene, the -lactamase gene, and the ColE1 replication origin (O. Hatamoto, unpublished result). The resulting plasmid was introduced into A. oryzae RIB40 Áku70
ÁpyrG, and the exgA-overexpressing transformant was obtained by confirming the insertion of the plasmid into the pyrG locus of the genomic DNA by PCR.
Transformation. Transformation of A. oryzae was carried out by the protoplast-polyethylene glycol method. 20) Briefly, mycelia of A. oryzae RIB40 Áku70 ÁpyrG mutant grown at 30 C for 20-24 h in 200 ml of PD liquid medium (1% polypepton, 2% dextrin, 0.5% KH 2 PO 4 , 0.1% NaNO 3 , 0.05% MgSO 4 , 0.1% casamino acid, pH 6.0) with 20 mM uridine were harvested and washed with a buffer containing 0.8 M NaCl. The protoplasts were prepared with 30 ml of lysing solution containing 100 mg of lysing enzyme (Sigma, St. Louis, MO), 50 mg of cellulase (Yakult Pharmaceutical, Tokyo), and 100 mg of Yatalase (TaKaRa, Shiga, Japan) in a 10 mM NaH 2 PO 4 and 0.8 M NaCl solution, with gentle shaking at 30 C for 2.5 h. Twenty micrograms of DNA were used per transformation. After transformation, the protoplasts were suspended in CD soft agar containing 1.2 M sorbitol and 0.5% agar, and plated onto a CD agar plate containing 1.2 M sorbitol and 2% agar. Colonies of the transformants formed at 30 C in 5 to 7 d.
Preparation of genomic DNA. Fungal mycelia were harvested after overnight culture in YPD medium, and wet mycelia (0.1 g) were ground with a mortar and a pestle in the presence of liquid N 2 . The powdered cells were transferred into a 50-ml conical tube containing 25 ml of lysis buffer composed of 50 mM EDTA-2Na (pH 8.0), 0.5% SDS, and 0.1 mg/ml proteinase K, followed by mixing upside down. The mixture was shaken gently at 55 C for 4 h and centrifuged at 10,000 g at 4 C for 5 min. The supernatant was purified by phenolchloroform extraction. The genomic DNA in the water fraction was subjected to ethanol precipitation, dissolved in 1.6 ml of TE buffer containing 10 mg/ml RNase A, and incubated at 37 C for 30 min. After phenol-chloroform extraction and successive ethanol precipitation, the genomic DNA precipitate was dissolved in an appropriate amount of TE buffer. The genomic DNA solution was subjected to a Wizard ðRÞ Gel and PCR Purification Kit (Promega, Madison, WI) and washed 4 times with the wash buffer when necessary.
Southern hybridization. Aliquots (10 mg) of genomic DNA were digested with Sal I, fractionated on 0.8% agarose gel, and transferred onto nylon membranes, positively charged (Roche Diagnostics, Mannheim, Germany). Hybridization and detection of signals were carried out using the DIG System according to the manufacturer's instructions (Roche Diagnostics). DIGlabeled probes were prepared using a PCR DIG Probe Synthesis Kit (Roche Diagnostics). The 818-bp DNA fragment of the DIG labeled probes for the exgA gene was prepared with the primer pair USB and LSB ( Table 1 ). The position of the probe for the exgA gene is shown in Fig. 1B .
Analysis of conidiation efficiency. Approximately 10 3 conidia of the exgA disruptant and the exgA-overexpressing mutant were spotted at the center of a CD plate (85 mm in diameter) supplemented with 0.5% laminarin or pustulan. Laminarin derived from Laminaria digitata was obtained from Sigma (St. Louis, MO). Pustulan derived from Umbilicaria papullosa was obtained from Merck (Darmstadt, Germany). After 6 d of incubation at 37 C, the diameter of the colony was measured. The conidiospores on the plate were suspended with 10 ml of autoclaved distilled water, collected after shaking, and counted with a hemocytometer. The conidiation efficiency was calculated by dividing the number of total conidiospores on the plate by the area of the colony.
RT-PCR. cDNA of A. oryzae was prepared by reverse transcription of 1 mg of DNase I-treated RNA with 0.5 mg of oligo(dT) 12{18 as a primer (Invitrogen, Carlsbad, CA) in 30 ml reaction volume using the Expand Reverse Transcriptase System (Roche Diagnostics) according to the manufacture's instructions. One microliter of cDNA with or without dilution was used as a template of the PCR. The DNase I-treated RNA was used as a negative control of the PCR. The 3 0 -terminal regions of exgA (549 bp), rolA (438 bp), cutL1 (609 bp), and the histone H4 (263 bp) genes were amplified by RT-PCR using primers exgA-N and exgA-C, rolA-N and rolA-C, cutL-N and cutL-C, and hisH-N and hisH-C respectively (Table 1) .
Results

Analysis of the biological function of ExgA
The exgA disruptant and exgA-overexpressing mutant of A. oryzae were constructed as described in Fig. 1A and ''Materials and Methods.'' Both overexpression and disruption of the exgA gene were confirmed by Southern hybridization and RT-PCR (Fig. 1B and C) . RT-PCR for the exgA gene was performed as described in ''Materials and Methods'' using the RNA extracted from the CD liquid-cultured mycelium as a template (Fig. 1C) . The exgA disruptant showed growth and morphological phenotypes indistinguishable from those of the wildtype strain or the exgA-overexpressing mutant when grown on either potato-dextrose agar or CD agar.
The wild-type strain, the exgA-overexpressing mutant, and the exgA disruptant were inoculated on CD agar supplemented with SDS or Congo red, which are known to inhibit -glucan remodeling, 21) at a concentration of 0 or 0.005% for SDS and 0, 0.0025, or 0.025% for Congo red. The growth rate and morphology of the exgA disruptant, the exgA-overexpressing mutant, and the wild-type strain were indistinguishable in all the culture conditions above. No difference in growth or morphology was observed among the three strains when they were cultured on the filter membrane. These data suggest that ExgA is not involved in the assembly of -glucan of the cell wall.
In order to examine the function of exgA in -glucan metabolism, the exgA-overexpressing mutant and the exgA disruptant were inoculated onto CD agar supplemented with 0.5% laminarin (-1,3-glucan), pustulan (-1,6-glucan), cellobiose (Glc(-1,4)Glc), or dextran (-1,6-glucan) as sole carbon source. In the presence of laminarin, the exgA disruptant showed slower growth and decreased conidiation (Fig. 2) , indicating utilization of laminarin as a carbon source. The colony size of the exgA-overexpressing mutant in the presence of laminarin was 7:0 AE 0:1 cm, whereas that of the exgA disruptant was 5:7 AE 0:1 cm ( Table 2 ). The conidiation efficiency was ð242 AE 6Þ Â 10 4 /cm 2 and ð41 AE 2Þ Â 10 4 /cm 2 for the exgA-overexpressing mutant and the exgA disruptant respectively (Table 3) . However, the exgA disruptant, when grown with pustulan, showed decreased conidiation, but not detectable growth retardation (Fig. 2) . No differences in colony growth and no detectable morphological changes were observed between the exgA-overexpressing mutant and the exgA disruptant in the presence of cellobiose or dextran (Table 2) . Hence, these results clearly indicate that ExgA plays an important role in the utilization of extracellular -1,3-and partly in -1,6-glucans, which is consistent with the substrate specificity obtained in the previous study. 6) Analysis of expression of the exgA gene Next, the expression of the exgA gene in the wild-type strain RIB40 under two conditions of solid-state cultivation was analyzed by RT-PCR, and compared with that of liquid cultivation (Fig. 3) . The exgA gene was expressed at the basal level in liquid media, YPD and CD (Fig. 4A) . When A. oryzae was cultivated on a cellulose-mixed ester-type membrane layered over YPD or CD agar, exgA expression rose approximately to 10 and 100 times of that in liquid media (Fig. 4B) . Cultivation on a membrane floating on YPD or CD liquid medium showed that the expression level of exgA was equal to that on the filter membrane layered over each agar medium (data not shown). In contrast, exgA was uninduced on YPD agar without any membrane, and exhibited an expression level equal to that in YPD liquid medium (data not shown).
Solid-state cultivation is thought to provide growth conditions similar to the plant surface. Hence, the relationship between transcriptional regulation of exgA and mycelial interaction with the plant surface was examined. A. oryzae conidiospores suspended in CD liquid medium were cultured on the hydrophobic surface of the onion inner skin, which was layered over the CD soft agar without a carbon source. exgA Expression was induced at more than 10 times the level of that in the CD liquid medium (Fig. 4C) . The hydrophobic surface of the onion inner skin is generally used as a model of the plant surface in analysis of the infection mechanism of plant pathogenic fungi. 17, 18) Therefore, the above results suggest a role of ExgA in the ability to grow on a plant surface.
When plant-pathogenic fungi grow on a plant surface, expression of the gene encoding hydrophobin that creates a hydrophilic layer on the plant hydrophobic surface by its binding, and of the gene encoding cutinase that The exgA-overexpressing mutant (exgA+) and the exgA disruptant (exgAÀ) of A. oryzae were grown at 30 C for 6 d on CD agar supplemented with 0.5% laminarin and pustulan instead of 2% glucose as a carbon source respectively. Bars, 1 cm. degrades cutin, a major component of the plant surface, are induced. 22, 23) Secretory production of hydrophobin and cutinase has been implicated in infection by plantpathogenic fungi. [22] [23] [24] [25] The hydrophobin ortholog RolA and the cutinase ortholog CutL1 have been reported in A. oryzae, and were found to function in plant surface interaction. 26, 27) The expression of the rolA and cutL1 genes in A. oryzae was analyzed in culture on the filter membrane and onion inner skin. RT-PCR experiments on the rolA and cutL1 genes showed that the rolA gene was expressed on the YPD membrane culture, while the cutL1 gene was expressed on the CD membrane and the CD onion inner skin cultures (Fig. 4D) . Thus exgA gene expression was induced cooperatively with the rolA and the cutL1 genes in terms of the presence of solid material, as examined in this study.
While exgA expression showed significant differences in some of the culture conditions described above, expression of the histone H4 gene, which showed expression typical of a housekeeping gene as control, 28) remained constant in all the culture conditions used in this study (Fig. 4E) .
Discussion
-1,3-Glucanases are considered to catabolize extracellular -1,3-glucan and to remodel the -1,3-glucan network of the cell wall in morphogenesis. 29) Genomic sequencing and analysis of A. oryzae has revealed that A. oryzae possesses at least seven -1,3-glucanase genes (Gene IDs found in AP007150-AP007177 registered in DDBJ/EMBL/GenBank: AO070303000100, AO070306000046, AO070316000057, AO07032700-0094, AO070328000099 (exgA), AO070328000166, AO070331000144), of which the signal peptides were predicted for five genes, excluding AO070327000094 and AO070328000166, by Kyte-Doolittle hydropathy plot and the SOSUI signal program (http://bp.nuap. nagoya-u.ac.jp/sosui/). 30) In this study, the biological function of exgA was analyzed as part of the analysis of the enzymes relating to cell wall metabolism. Growth and morphology, however, were not affected by either overexpression or disruption of the exgA gene even in the presence of SDS or Congo red. Therefore, exgA appeared not to be involved in a major way in cell wall assembly.
In contrast, exgA contributed to the utilization of laminarin, which possesses a -1,3-glucosidic linkage, indicating that exgA plays an important role in the utilization of extracellular organic polymers by hydrolytic degradation like other hydrolytic enzymes, such as amylases and proteases. However, in the presence of pustulan, which possesses a -1,6-glucosidic linkage, the exgA disruptant and the exgA-overexpressing mutant showed equal growth ratios of colonies. This suggests the existence of additional -1,6-glucosidases that compensate for the absence of ExgA in terms of utilization of -1,6-glucan, but the reason for the reduced conidiation efficiency of the exgA disruptant is unknown. ExgA might possibly make a partial contribution to cell wall remodeling, which is specific to conidiation. Alternatively, an additional gene might complement the exgA function of cell wall remodeling during vegetative growth.
Expression of the exgA gene was found to be induced 10 to 100 times more frequently by RT-PCR when A. oryzae was grown on a solid surface such as a membrane filter or onion inner skin, but several factors are to be taken into consideration in exgA regulation, since the direct inducers for growth on a solid surface have not been well characterized. 31) Hydrophobin, RolA, which is known to protect aerial hyphae from drying, is induced in solid-state culture. The induction is supposed to be due partly to contact of hyphae with air, which is thought to be a form of contact similar to that of filamentous fungi with hydrophobic material. 26) RolA is also induced in liquid culture in the presence of hydrophobic biodegradable plastic of polybutylene succinate-co-adipate. 26) These results suggest that RolA is induced by hydrophobicity when A. oryzae contacts with the air or a hydrophobic material in a liquid medium. 26) The finding that exgA was induced under the conditions similar to those for rolA-induction suggests the ExgA functions in relation to the same target as RolA and/or is complementary to the function of RolA. Furthermore, the exgA induction manner was similar to those of cutinase (cutL1) as well as hydrophobin (rolA), the counterparts of which in pathogenic fungi might be pathogenic factors. In nature, A. oryzae is supposed to grow on hydrophobic solid material, such as plant surfaces and fallen leaves, frequently. 7) Simultaneous expression of exgA, rolA, and cutL1 appears reasonable from the point of view that RolA and CutL1 might accelerate catabolization of extracellular -1,3-glucans in nature by ExgA.
In solid state cultivation, the uptake of nutrition is significantly lower than in liquid culture due to lower water activity. 28, 31) Limitation of nutrition in solid state culture leads to the production of more hydrolases than in nutrition-rich conditions. 28) Riou et al. have reported that ExgA productivity was highest when A. oryzae was grown with a carbon source of water-insoluble flavonoids, quercetin and rutin. 6) However, the long period (about 14 d) of cultivation required for the production of ExgA 6) is probably due to ineffective degradation and utilization of flavonoids by A. oryzae (data not shown). The exgA induction conditions deduced from the previous report and from this work have the following consistent factors: (i) interaction with the hydrophobic surface, and (ii) insufficient nutrition.
Preliminary DNA microarray analysis showed that exgA expression remained within the range of detection of the expression difference by DNA microarray from 24 h to 96 h when A. oryzae was grown in YPD medium. Together with the result of comparison between exgA and histon H4 expression (Fig. 4) , the characteristic expression of the exgA gene observed in this work is not thought to be due to the difference in overall transcriptional activity caused by physiological differences or to the difference derived from the difference in growth stage.
Another factor to be considered in exgA induction is the -glucosidic bond. Both the membrane filter and the onion inner skin used in this study contained cellulose and its degraded products. Since ExgA has the ability to hydrolyze the -1,4-glucosidic bond, 6) cellulose and its degraded products might induce exgA. In a previous study, both quercetin and rutin were reported as carbon sources for maximum ExgA production. 6) Rutin is aglucoside of quercetin with rutinose bound by aglucosidic bond. No effect of the -glucosidic bond of rutin was observed on ExgA production as compared to quercetin, and approximately twice higher production of ExgA was obtained with rutin and quercetin than with cellobiose. 6) These results strongly suggest that cellulose is not an inducing factor in exgA expression.
-1,3-Glucan in yeast extract in the culture medium or in dead A. oryzae mycelia after long cultivation in the study of ExgA production with various carbon sources in the previous report 6) might be released, and might have induced exgA expression. However, exgA production with the flavonoids approximately 3 times higher than that with lactose under the same culture condition 6) indicates that -1,3-glucan is not a major factor in inducing ExgA expression, as compared to the factors that quercetin and rutin have. No catabolite repression of exgA was detected in the preliminary DNA microarray analysis.
Consequently, ExgA was found to contribute mainly to utilization of compounds that have the -1,3-glucosidic linkage. The combination of poor nutrition conditions and attachment of mycelia to a hydrophobic solid surface appears to be a major inducing factor in exgA expression.
